Sinorhizobium meliloti is a gram-negative rhizobium that is capable of forming nodules on alfalfa, sweet clover, and trigonella. Bacterial infection occurs at the root hairs of the host plant, involving a signal exchange between the rhizobia and the plant (6, 55) . Root hair curling encapsulates the bacteria, which subsequently travel through an infection thread and are finally released into plant cells, where they differentiate into bacteroids (24) . In this environment, the bacteria reduce atmospheric nitrogen in exchange for nutrients and carbon compounds (37) .
From the sequencing of its genome, it has become apparent that S. meliloti retains an array of genes that are capable of encoding enzymes for many metabolic pathways that allow the organism to scavenge energy from many different substrates (7, 23, 25) . As a result of the whole-genome sequence data, greater effort has been made to address the functionality of many of the unknown open reading frames. Systems that have utilized the construction of either genetic deletions or genetic fusions of reporter genes have been developed for this purpose (15, 28, 40, 52) .
Earlier efforts to uncover functionality associated with the megaplasmids in S. meliloti relied on the creation of precise deletions or plasmid-curing experiments (12, 45) . These works showed that a number of carbon-catabolic loci, as well as transport systems, were associated with these plasmids (5, 12, 13, 45) . It was also observed that an S. meliloti strain cured of pSymA had a reduced ability to respire formate (I. J. Oresnik, unpublished observation).
Formate is a ubiquitous compound in the environment. Many plants and bacterial species produce and excrete formate into their environments. The high negative reduction potential (Ϫ420 mV) of formate allows it to be a ready source of energy. For example, Escherichia coli is able to respire formate when grown under anaerobic conditions in the presence of nitrate as the terminal electron acceptor (18, 30, 31) . Its oxidation results in the generation of a proton-motive force and the production of CO 2 .
It has long been known that members of the Rhizobiaceae capable of forming nodules on legumes have an obligate need for CO 2 (27, 38) . A variety of carboxylating enzymes needed for anapleurotic pathways have been shown to be present in these organisms (16) , yet only S. meliloti and Bradyrhizobium japonicum have been shown to have ribulose bisphosphate carboxylase activity (39) . To date, only B. japonicum has been shown to grow chemoautotrophically using H 2 gas as a sole source of electrons (27, 36) . In contrast, S. meliloti has been shown to be unable to grow chemolithoautotrophically unless it is provided with a cosmid containing the hydrogen uptake genes from B. japonicum (34) . S. meliloti, however, is capable of formate-dependent CO 2 fixation (39) , but the molecular basis for this growth has never been elucidated. More recently, it has been shown that S. meliloti contains the necessary genetic components for the Calvin-Benson-Bassham pathway, as well as three annotated formate dehydrogenases (23, 32) .
In this work, we characterize the ability of S. meliloti to grow on a medium containing only formate and bicarbonate as carbon sources. We show that two of the three annotated formate dehydrogenase gene clusters, fdo (consisting of sma0002, sma0005, and sma0007) and fds (consisting of smc02524, smc03086, smc03085, smc04444, smc02525, and smc02524), in S. meliloti affect formate-dependent growth. Moreover, we show that, in addition to the formate dehydrogenase genes, this growth is also dependent upon the cbb genes carried on pSymB.
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and growth conditions. Bacterial strains, plasmids, and primers are listed in Tables 1 and 2 . S. meliloti strains were grown at 30°C in either Luria-Bertani (LB) medium (42), Vincent's minimal medium (VMM) (59), or Rhizobium minimal medium (RMM) (9) . Generally, carbon sources were filter sterilized prior to use and were added to defined media to a final concentration of 15 mM. To grow strains in defined medium containing only formate or bicarbonate as carbon sources, the strains were first grown in LB medium supplemented with 15 mM sodium formate and subsequently subcultured into VMM or RMM containing 60 mM sodium formate and 5 mM sodium bicarbonate. This medium was routinely supplemented with biotin and methionine (5 g ml Ϫ1 each), as previously suggested (60); in addition, sodium selenate and sodium molybdate were added to a final concentration of 20 M. All cultures grown in this manner were streaked for purity. When required, the final concentrations of antibiotics were as follows: tetracycline (Tc), 5 g ml Ϫ1 ; gentamicin (Gm), 60 g ml Ϫ1 ; neomycin (Nm), 100 g ml Ϫ1 ; streptomycin (Sm), 200 g ml Ϫ1 ; kanamycin (Kan), 40 g ml Ϫ1 ; ampicillin (Ap), 200 g ml Ϫ1 .
Genetic manipulations. Conjugations of S. meliloti and E. coli were carried out as previously described (49) . Mutants that were constructed and recombined into the genome of S. meliloti were retransduced into Rm1021 prior to experimental use, as previously described (21) .
DNA manipulations, mutant construction, and Southern analysis. Standard techniques were used for plasmid isolation, restriction enzyme digestion, and agarose gel electrophoresis (51) . Mutations were routinely verified by Southern blot analysis, as previously described (14) .
The vector pKan was constructed by modification of pKnock-Gm. Briefly, pKnock-Gm, containing an internal EcoRV site in the gentamicin cassette, was restricted with EcoRV and blunt-end cloned with a SmaI kanamycin cassette obtained from pMM22. The final construct was verified by restriction and designated pKan. To construct a strain carrying a mutation in fdsA (smc04444), a 2,020-bp internal fragment of fdsA was PCR amplified using primers 1 and 2 (Table 2) from Rm1021 genomic DNA, isolated, digested with EcoRI, and cloned into pBluescript II SK, yielding pBP3. pBP3 was digested with KpnI and PstI to yield a 1,023-bp fragment, subsequently cloned into pKnock-Tc (2), and transformed into DH5␣pir, yielding pBP15 (Table 1) . pB15 was mobilized into Rm1021 with MT616, and single-crossover recombinants were selected as previously described (49) . The resultant strain was verified by Southern blot analysis and named SRmA411 (Table 1) .
Similarly, an fdoG (sma0002) mutation was constructed by utilizing primers 3 and 4 ( Table 2 ). The 869-bp fragment generated from these primers was restricted with EcoRI, gel isolated, and cloned into pKnock-Gm, yielding pBP1 (Table 1) , which was subsequently conjugated and recombined into Rm1021. The resultant strain was verified by Southern blot analysis and named SRmA330 ( Table 1) .
A fragment internal to sma0478 was PCR amplified from genomic DNA using primers 5 and 6 ( Table 2) to yield a 1,050-bp fragment. This fragment was digested with BamHI/PstI, and the resulting 750-bp product was gel isolated and cloned into pKan to give pBP14. pBP14 was transformed into DH5␣pir, verified by restriction, and conjugated into Rm1021. This construct was conjugated into the wild type, and Sm r Nm r single-crossover recombinants were selected. The resultant strain was verified by Southern blot analysis and designated SRmA411.
To construct a cbb mutation, primers 7 and 8 were used to amplify a portion of cbbF. The fragment isolated was restricted with BamHI/EcoRV and cloned into pBlueScript, yielding pBP6. A Kan r cassette was cut as a SmaI fragment from pMM22, gel isolated, and ligated into pBP6, which was digested with StuI, yielding pBP20. The Kan r cassette and the flanking DNA (from cbbF) were removed as a BamHI/EcoRV fragment from pBP20 and recloned into pRK415, yielding pBP32 (Table 1) . pBP32 was conjugated into Rm1021, and allelic exchange was carried out using pPH1JI as previously described (46) . The resultant strain, SRmA580, was verified by amplifying the insertion junctions and sequencing the PCR products.
Whole-cell CO 2 incorporation and formate uptake. To assay carbon fixation, cells were grown in RMM containing 60 mM sodium formate and 5 mM sodium bicarbonate to an optical density at 600 nm of approximately 0.3. The cells were pelleted, washed twice with phosphate buffer, and finally resuspended in 10 ml of buffer. Incorporation was initiated by the addition of Na 2 14 CO 3 . Aliquots of 1 ml were taken at 0, 2, 5, 10, 15, 30, 45, and 60 min; quenched with perchloric acid (10% [vol/vol] final concentration); and allowed to degas overnight. Acid-stable counts were determined using a Beckman LS 6500 liquid scintillation spectrophotometer and were 3 orders of magnitude above those of dead-cell controls. Linear portions of the data were used to determine fixation rates, and incorporation was normalized to the total cell protein, measured using an enhanced Lowry protein assay (56) .
Uptake of formate was carried out essentially as previously described (47) . Cells were grown as described above, and assays were initiated with the addition of Na 14 COOH. Some assays were allowed to continue for over 15 min. Incorporation and normalization of data were as described above.
Native gel formate dehydrogenase assay. Cells were grown in either complex or defined medium, depending upon the experiment. The preparation of cell extracts was carried out as previously described (44, 47) . Native polyacrylamide gel electrophoresis (PAGE) gels were run as previously described (45) . The PAGE gels were developed using a p-nitroblue tetrazolium (p-NBT)-based formate dehydrogenase stain (35) . Samples were stained with and without both formate and NAD ϩ to determine the specificities of the activity stains.
Determination of oxygen consumption. Cells were grown to an optical density at 600 nm of at least 0.20. The cultures were washed twice and resuspended in a phosphate buffer (containing K 2 HPO 4 , KH 2 PO 4 , and KNO 3 , pH 7). Oxygen consumption was measured using a Gilson-Clark-type oxygen electrode. Formate-dependent oxygen consumption rates were determined by subtracting the endogenous rates measured prior to the addition of sodium formate from the measured rates following the addition of formate. To ensure that cells were coupled, each assay was concluded by the addition of 2 M carbonyl cyanide m-chlorophenylhydrazone. Oxygen consumption was normalized to the total cell protein, measured using an enhanced Lowry protein assay (56) .
Phylogenetic analysis. Phylogenetic analysis was carried out essentially as previously described (50) . Briefly, sequences were selected on the basis of BLASTP scores (3), aligned using CLUSTAL-X (57), and analyzed using PHYLIP version 3.6a (19, 20) . The resulting distance matrix was used to construct a phylogenetic tree and was evaluated using a bootstrap procedure (SEQBOOT; 1,000 replicates).
RESULTS
Formate-dependent chemoautotrophic growth. The generation of SmA818, a strain cured of the megaplasmid pSymA, allowed the initial identification of a number of pSymA-associated catabolic phenotypes prior to the release of the completed sequence of Rm1021 (45) . Many of the putative phenotypes that were observed using BioLog plates, however, were difficult to confirm because of the difficulty in growing the wild-type strain well enough using the identified carbon or nitrogen source. One such observed phenotype was the inability of SmA818 to reduce the indicator dye found within the BioLog plates in the presence of formate as a sole carbon source.
Formate is a one-carbon carboxylic acid. Formate can be oxidized to CO 2 , and the energy can be used to generate a proton-motive force that in some bacteria can also be used to generate reductant. The resultant CO 2 is either reduced or released as a waste product. In other bacteria, formate can be reduced directly and used as a carbon source. The availability of the genomic sequence of Rm1021 provided the opportunity to systematically pursue the observed phenotype of SmA818 grown in the presence of formate. As an initial experiment, we set out to grow Rm1021 in a defined medium with formate as a carbon source.
Wild-type Rm1021 (also Rm2011) and SmA818 were grown on VMM supplemented with 60 mM formate. Since Rm1021 has known deficiencies with respect to biotin and cobalt (60), the medium was supplemented with these, as well as a mixture of trace metals, because many of the enzymes that utilize formate require trace metals (18) . It was also possible that formate might be utilized only as an electron source and that the carbon source would be derived from the product of formate oxidation, CO 2 . To alleviate the possibility that growth would not be observed because of low dissolved CO 2 concentrations, bicarbonate was added to increase the amount of dissolved CO 2 , thus allowing the possibility of autotrophic growth.
The growth curves clearly showed that Rm1021 does have the capability of growing on a defined medium with formate and bicarbonate as the only sources of carbon (Fig. 1) . Growth was dependent upon the presence of bicarbonate, as well as formate. Omission of formate from the medium resulted in Rm1021 growth curves that resembled those of SmA818, characterized by a single doubling following subculture into formate/bicarbonate-containing medium. To determine the effect of reduced levels of bicarbonate, Rm1021 was grown without the addition of bicarbonate to the medium. Growth was greatly decreased and increased only slightly over time compared to the control (data not shown). These results are consistent with the premise that the CO 2 concentration within the growth medium slowly increased as formate was oxidized to CO 2 .
To control for growth that might have been due to carryover of nutrients from the starter culture, Rm1021 was also tested for growth on the base medium without formate or bicarbonate and only the amount of complex medium that would be introduced during subculture. The growth of Rm1021 that occurred under these conditions resembled that of SmA818 (data not shown). Interestingly, if an amount of complex medium equivalent to the amount that was used for the initial Nondenaturing protein gels incubated with substrates that lead to the visualization of specific enzyme activities has long been used as a tool in population genetics studies to quantitatively score loci in Rhizobium (17, 53) . This technique has also been used to characterize mutations (4, 11, 13, 45) . Since the genome of S. meliloti is predicted to contain multiple formate dehydrogenase genes, it was reasoned that this technique would allow us to distinguish the different formate dehydrogenase activities.
The annotated sequence of fdoGHI suggests that these genes encode a periplasmic formate dehydrogenase complex that is NAD ϩ independent (7). To test the hypothesis that SmA818 lacked NAD ϩ -independent formate dehydrogenase activity, SmA818 was cultured on defined medium containing formate/bicarbonate. Since SmA818 showed some limited growth in this medium, cells from approximately 2 liters of culture were pooled to provide enough bacterial cells to make cell extracts. Equal amounts of SmA818 and Rm1021 proteins were loaded onto nondenaturing polyacrylamide gels, run, and stained in the presence or absence of NAD ϩ and formate in an effort to show functionality.
Consistent with the gene annotation, the results showed that Rm1021 contained a formate-dependent, NAD ϩ -independent activity band that was absent in SmA818 (Fig. 2) . To determine if this formate-dependent, NAD ϩ -independent activity was constitutive or inducible, extracts from Rm1021 that were grown with either glucose or formate were compared. The presence of this activity band was dependent upon being grown in the presence of formate and was not seen in cell extracts from glucose-grown cells (Fig. 3) . Moreover, this activity band was absent in cell extracts from cells grown on complex media, such as LB or tryptone-yeast extract medium, but was present if formate was added to the medium (data not shown). Together, these data suggest that the band of formate dehydro- (Fig. 3 ). This activity band was not dependent on the presence of either formate or NAD ϩ and was detectable when the cells were grown in the presence of formate (Fig. 3) .
The S. meliloti Rm1021 genome contains genes encoding three probable formate dehydrogenases. A text search of the descriptions of the annotated open reading frames in Rm1021 revealed that genes for three putative formate dehydrogenases might exist in the S. meliloti genome. Two sets of genes, fdoGHI and sma0478, are carried on the megaplasmid pSymA. The third, fdsABCDG, is located on the chromosome.
FdoGHI consists of three subunits. The alpha subunit (FdoG) contains the active site, and the beta subunit (FdoH) contains Fe-S clusters and is involved in electron transfer from the active-site subunit to the gamma subunit (FdoI), which is an integral membrane protein that can donate electrons to quinones (31) . The alpha subunit is also predicted to contain a molybdopterin cofactor, as well as an in-frame opal codon that is used for selenocysteine incorporation into the active site (7). Many of these types of formate dehydrogenase enzymes are targeted to the periplasm (29) . We noted that fdoG also contains a putative twin-arginine leader and the only codon in the entire S. meliloti genome for selenocysteine (7) . Interestingly, the genes annotated as encoding selenocysteine biosynthesis lie immediately adjacent to the fdoGHI operon (23) .
The other formate dehydrogenase gene found on pSymA, sma0478, is annotated as encoding a probable formate dehydrogenase, and a simple BLASTP search revealed that it also appeared moderately similar to hydroxy-acid dehydrogenases. This gene is not found in any other sequenced member of the Rhizobiaceae.
The chromosomal formate dehydrogenase, encoded by fdsABCDG, is conserved among other Rhizobiaceae. It is predicted to contain a molybdopterin cofactor and to be NAD ϩ dependent and may reside on the cytosolic face of the inner membrane.
Since formate dehydrogenases have not been previously characterized in S. meliloti, insertional mutants were constructed in each of the putative formate dehydrogenases to assess what roles they may have in growing in defined medium containing only formate and bicarbonate as sole carbon sources (Table 1) . From these, three double formate dehydrogenase mutants, SRmA493, SRmA495, and SRmA497, containing fdsA/fdoG, sma0478/fdsA, and fdoG/sma0478, respectively, were constructed by transduction. Similarly, SRmA571 was constructed to be mutated for each of the predicted formate dehydrogenase alleles. Because it appeared that Rm1021 was growing autotrophically (Fig. 1) , the cbb genes present on pSymB were also mutated so that it could be unambiguously determined whether S. meliloti was growing using the CalvinBenson cycle.
Growth using formate and bicarbonate is dependent upon the Calvin-Benson cycle. Growth experiments clearly showed that SRmA330 (containing an fdoGHI mutation) and SRmA402 (containing an sma0478 mutation) appeared to grow very similarly to Rm1021 (Fig. 4A) . SRmA411 (containing an fdsA mutation), however, did not show any growth on this medium (Fig. 4A) . Similarly, SRmA580 (containing a cbbF mutation) did not grow. These data suggest that growth on defined medium containing formate and bicarbonate is dependent upon the Calvin-Benson cycle genes and the chromosomally located fds locus. Surprisingly, a mutation in either the fdoGHI locus or the sma0478 locus did not appear to have the same phenotype as SmA818 (Fig. 4A) . Also, strain SRmA497 (containing fdoGHI and sma0478 mutations) did not have the same growth phenotype as SmA818 (data not shown).
Measurement of growth using optical density assumes a direct correlation between the optical density and cell viability. Since there was a discrepancy between the growth of SmA818 and our working hypothesis that fdoGHI and/or sma0478 would be necessary for growth on this medium, we wished to test whether the culture optical density was correlated with cell viability. To carry this out, aliquots were taken at each time point and plated for viability. The results showed that the viability results appeared to be mostly congruent with those in which optical density was used as a measure of growth (Fig. 4) . In most experiments, a strain carrying a mutation in sma0478 was either very close to or indistinguishable from the wild type ( Fig. 4B and data not shown) . SRmA330 (containing an fdoGHI mutation) consistently showed viable counts that were half of those from Rm1021. Moreover, the colonies of SRmA330 formed more slowly when taken from the defined broth medium and plated onto LB medium. Taken together, these data suggest that fdoGHI does play a role in growth on defined medium containing only formate and bicarbonate as carbon sources but that its role is dispensable (Fig. 4B) . Organisms using the Calvin-Benson cycle reduce CO 2 utilizing ribulose 1,5-bisphosphate carboxylase/oxygenase. The cell removes carbon from this cycle as glyceraldehyde 3-phosphate. Glyceraldehyde 3-phosphate is subsequently isomerized by triose phosphate isomerase to dihydroxyacetone phosphate, and a hexose is synthesized via an aldolase reaction, yielding fructose 1,6-bisphosphate. It has recently been shown that S. meliloti contains two triose phosphate isomerases (48) . It has been shown that tpiA plays a role in central metabolic metabolism (48) , whereas tpiB appears to be necessary for erythritol catabolism in S. meliloti and Rhizobium leguminosarum (48, 61) . Although TpiB activity appears to be specifically induced by erythritol, there appears to be enough residual activity from TpiB so that only a strain carrying both a tpiA and a tpiB mutation was unable to grow on carbon sources that necessitated the use of gluconeogenesis (48) . It was reasoned that if S. meliloti growth was dependent upon CO 2 fixation, strains carrying either a tpiA mutation or a tpiB mutation would be capable of growing on defined medium with formate and bicarbonate as sole carbon sources but a strain carrying both mutations would be unable to grow. This hypothesis was tested, and it was found that strains carrying either tpiA or tpiB grew in a manner similar to the wild type, whereas a double tpiA-tpiB mutant had the same growth characteristics as SRmA580 (cbbF), strongly suggesting that S. meliloti does utilize the Calvin-Benson cycle for growth on defined medium that contains only formate and bicarbonate as carbon sources (data not shown).
fdoGHI and fdsABCDG mutants lack formate dehydrogenase activity. Since it was not possible to grow all the formate dehydrogenase insertional mutants on defined medium with formate and bicarbonate (Fig. 4) but we had evidence that formate dehydrogenase activity was inducible (Fig. 3) , and there is evidence for multiple-enzyme complexes having similar enzymatic activities, it was reasoned that the most straightforward method to separate these activities would be to carry out activity stains on induced extracts of the mutants and compare these to the wild type (Fig. 5) . The results clearly showed that SRmA330 (fdoG) and SRmA411 (fdsA) zymograms differed from that of Rm1021. In SRmA330, two bands of activity (Fig. 5, bands a) that were NAD ϩ independent were missing, whereas the pattern yielded by SRmA411 (Fig. 5, bands  b) was different and complex, suggesting that the fdsABCDG locus is correlated with formate dehydrogenase activity. The pattern yielded by an extract of SRmA402 (sma0478) did not show any discernible differences from that of the wild type.
We also noted the appearance of achromatic bands associated with the fdsABCDG mutant (Fig. 5) . Since the activity stain works on the principle that electrons from dehydrogenases reduce NBT, forming a blue precipitate at the point of activity, an achromatic band is often associated with enzymes that use reduced NBT as a provider of electrons. It is not clear from our data whether these achromatic bands could be due to the formation of incomplete formate dehydrogenase complexes or whether they might be due to other regulatory changes that might occur in the absence of fdsABCDG. These may lead to the expression of other genes that encode enzymes, such as superoxide dismutases, that are noted for this type of staining pattern (45) .
CO 2 incorporation activity is reduced in an fdoGHI mutant. Two carbon sources are available in our defined growth medium, formate and bicarbonate. To try to resolve whether S. meliloti grew by using formate or CO 2 , Rm1021 was assayed for incorporation of either formate or bicarbonate into an acidstable product. Incubation of Rm1021 with labeled formate during a 15-min assay resulted in amounts of incorporation that were barely over the level that was found with the deadcell controls (data not shown). Incubation of Rm1021 with Na 14 CO 3 yielded radiolabel incorporation that showed saturation (Table 3 ). In contrast, SRmA580 (cbbF) had rates that were less than one-fifth that of the wild type (Table 3 ). These data show that the majority of the carbon incorporated from our defined medium is dependent upon the presence of the Calvin-Benson cycle.
To determine if the products encoded by either fdoGHI or sma0478 play roles in carbon fixation, whole cells carrying FIG. 5 . Native PAGE analysis of formate dehydrogenase mutants. Extracts from S. meliloti strains were grown in LB medium supplemented with 60 mM sodium formate. Gels were stained for dehydrogenase activity in the presence of formate and NAD ϩ . Lane 1, Rm1021; lane 2, SRmA330 (fdoG::pKnock-Gm); lane 3, SRmA402 (sma0478::pKan); lane 4, SRmA411 (fdsA::pKnock-Tc). a, fdoG-dependent activity bands; b, fdsA-dependent activity bands. Equal amounts of protein were loaded in all lanes. these mutations were grown with formate and bicarbonate and were also assayed for 14 CO 2 incorporation. Whereas SRmA402 incorporation rates were identical to those of the wild type, the rates of CO 2 incorporation in SRmA330 were consistently less than half those of the wild type. This is consistent with the hypothesis that fdoGHI does indeed play a role in formate-dependent autotrophic growth but that its presence is not essential (Table 3) .
Formate-dependent oxygen consumption is dependent on fdoGHI. Based on the annotation of fdoGHI, as well as simple bioinformatic searches, it was predicted that FdoGHI should form a complex that is capable of oxidizing formate and donating the electrons directly to the ubiquinol and subsequently to a terminal oxidase, leading to formate-dependent oxygen consumption. To directly test the functionality of FdoGHI, it was hypothesized that Rm1021 should be capable of formatedependent oxygen reduction, whereas an fdoGHI mutant should be impaired in this ability.
To verify this, cells were grown in minimal media containing formate and bicarbonate as their sole carbon sources and tested for formate-dependent oxygen consumption. Experiments carried out with the wild type showed that S. meliloti did display formate-dependent respiration, and the whole-cell kanamycin level for formate was approximately 2.4 mM (Fig. 6) . It was found that oxygen consumption was completely abolished in a strain carrying an fdoGHI mutation (Fig. 6 ). Immediately downstream of fdoGHI, and presumably within the same operon, are the genes fdhE, selA, and selB. Whereas SelA and SelB are likely involved in the biosynthesis of the selenocysteine necessary for FdoG activity (7), FdhE has been identified as a maturation protein likely involved in FdoGHI maturation (58) . Interestingly, unlike E. coli, in which an fdhE mutation completely blocks formate dehydrogenase activity (1), a strain carrying a deletion of the fdhE open reading frame so that transcription of selAB was not affected still showed formatedependent oxygen consumption, albeit at reduced rates (B. S. Pickering and I. J. Oresnik, unpublished data). These results suggest that the FdoGHI complex does play a direct role in oxidizing formate and that the electrons are donated to the electron transport chain and play a role in generating a protonmotive force across the cell membrane.
fdoGHI is not found in other Rhizobium species. A BLASTP search revealed that the presence of fdoGHI is not common within the alphaproteobacteria, whereas the fdsABCDG genes are found in every member of the Rhizobiaceae that has been sequenced. To better assess fdoGHI, a phylogeny of FdoG was carried out with the top BLAST hits. The results clearly showed that FdoG is found in only four other alphaproteobacteria: Xanthobacter autotrophicus, Azorhizobium caulinodans, Ocrhobactrum anthropi, and Paracoccus denitrificans. The FdoG found in S. meliloti is most closely related to that of the alphaproteobacterial species P. denitrificans. Interestingly, the genes fdoGHI are usually associated with either beta-or gammaproteobacterial species that are usually facultative anaerobes. The phylogenetic data strongly supports the idea that fdoGHI were acquired by a lateral gene transfer event from either a beta-or gammaproteobacterium. Strikingly, the genes for fdoGHI, as well as the associated genes for selenocysteine biosynthesis, are not found in the closely related species Sinorhizobium medicae. It may be noteworthy that S. medicae strain WSM419 is capable of formate-dependent autotrophic growth (data not shown).
DISCUSSION
The basic premise for carrying out this work was to investigate which of the formate dehydrogenase genes on pSymA were responsible for a delayed formate respiration phenotype that was observed with a strain that was devoid of pSymA. It was reasoned that this information would provide functional evidence that would increase our physiological understanding of the sequenced S. meliloti strain Rm1021. The data presented show that Rm1021 can grow on a formate bicarbonate defined medium (Fig. 1) . Moreover, we have shown that this growth is not solely dependent upon the presence of pSymA but on genetic determinants that are found on both the chromosome and pSymB (Table 3 and Fig. 4A ).
Taken together, the data provide sufficient evidence to allow us to construct a model of how S. meliloti can grow by utilizing only formate and bicarbonate (Fig. 7) . Uptake assays clearly showed that the rates of formate uptake are consistent with this compound entering into the cell by diffusion and that very little carbon is assimilated into cell material (data not shown). In contrast, labeling experiments with bicarbonate showed that carbon incorporation occurs rapidly and is dependent upon the cbb operon found on pSymB (Table 3 ). In addition to the genes found on pSymB, growth was also dependent upon the presence of tpiA and tpiB. This observation is consistent with our understanding of how carbon is taken from the CalvinBenson-Bassham cycle and utilized for gluconeogenesis. These data are all consistent with the hypothesis that the carbon source for growth on our defined formate-bicarbonate medium is CO 2 . In some organisms, the uptake of bicarbonate has been shown to be an active process (43) . It may be a noteworthy observation that an ABC transporter is found in close proximity to the cbb operon on pSymB.
Whereas SmA818 was unable to grow on our defined medium, growth experiments with strains carrying defined mutations in each of the annotated formate dehydrogenase genes clearly showed that fdsABCDG is essential for growth on our formate-bicarbonate defined medium whereas fdoGHI plays a nonessential role (Fig. 4 and Table 3 ). It was shown, however, that FdoGHI is responsible for formate-dependent oxygen consumption (Fig. 6 ). Although it is theoretically possible to produce reductant directly from formate using FdoGHI, our data suggest that the primary source for reductant using our growth conditions must be provided by FdsABCDG, since any strains that carried a mutation in fdsA did not grow on our defined medium (Fig. 4) . FdoGHI must therefore contribute to the overall energetics of the cell by contributing to the proton-motive force (Fig. 6 ). These data are also consistent with the decreased rates of CO 2 fixation and lower viability observed in SRmA330 (Fig. 4B and Table 3 ). We noted that S. medicae strain WSM419 was also capable of formate-dependent autotrophic growth, although it does not carry fdoGHI and the associated genes for the biosynthesis of selenocysteine (data not shown).
Clearly there are determinants on pSymA that affect growth in a defined medium containing only formate and bicarbonate. We noted that a carbonic anhydrase (cah; sma0045) gene is also found in close proximity to fdoGHI. Defined mutations of this gene did not affect rates of carbon fixation (data not shown). Also, we were unable to ascribe any function that was related to formate utilization to sma0478. It is currently unclear whether the inability of SmA818 to grow in this defined medium is a direct affect of a single locus on pSymA or if it is an effect of a number of independent loci that cumulatively give rise to the inability to grow. These questions are currently unresolved.
The presence of fdoGHI in S. meliloti is curious. To date, this complex has not been found in any other sequenced member of the genus Rhizobium and very few other alphaproteobacteria. As might be expected, all of the FdoG proteins within the alphaproteobacteria appear to be from a distinct branch on our phylogenetic tree (data not shown). With a greater number of the Rhizobiaceae being sequenced, it will be of interest to determine what other members have this complex as well as the associated selenocysteine biosynthesis genes. The fact that these genes give rise to functional proteins that can affect the physiology of S. meliloti suggests that there must be some selective advantage to maintaining the genes. It may be noteworthy that all of our assays and growth were carried out aerobically, suggesting that FdoGHI also functions aerobically, in contrast to what is often found in many enteric bacteria.
It was previously thought that the presence of two formate dehydrogenase genes on pSymA might indicate that formate respiration was important within the nodule environment (7). Testing our formate dehydrogenase mutants carrying either a single, double, or triple mutation in any of the dehydrogenase genes did not show a visual symbiotic defect (data not shown). It may be that this region plays a role in allowing the bacteria to stay competitive within the rhizosphere, for example, by allowing them to withstand varying environmental conditions, such as water-saturated soils, which might lead to brief periods of hypoxia that would favor the accumulation of formate due to metabolic products from other organisms. Hypotheses such as these have not yet been addressed.
Our work on formate utilization and the demonstration of formate-dependent autotrophic growth has revealed an area of metabolism and physiology that had not been previously recognized in S. meliloti at the molecular level. The questions that this work raises concerning the regulation of these determinants, as well the physiological roles they play in the rhizosphere, are unanswered. Ongoing work in these areas should provide answers that will allow us to better understand the physiology of the agronomically important soil bacterium S. meliloti.
